Background Thoracoscopic surgery is an increasingly popular surgical technique to repair congenital diaphragmatic hernia (CDH). However, acidosis during surgery and the higher recurrence rate are considerable risk factors. The aim of this retrospective study is to compare the outcome of open versus thoracoscopic repair of the diaphragm in neonates with CDH with the same degree of cardiovascular and pulmonary illness who meet the criteria for thoracoscopic repair. Methods Retrospective analysis of all patients of two large national reference centers for CDH born in the years 2008 through 2012, and meeting the criteria for surgical repair on cardiopulmonary and physiological criteria according to the CDH EURO consortium consensus and meeting the criteria for thoracoscopic repair according to the review by Vijfhuize et al. The surgical technical aspects were comparable in both centers. Results 108 patients were included, of whom 75 underwent thoracoscopic repair and 34 underwent open repair. The gestational age and lung-to-head ratio were significantly lower and stay on the ICU significantly longer in the open-repair group. The operation time was longer (178 vs. 150 min, p = .012) and the recurrence rate higher (18.9 vs. 5.9 %, p = .036) in the thoracoscopic-repair group. The arterial pH, pO 2 , pCO 2 and base excess before and after thoracoscopic repair were all significantly different. Conclusion After critical selection for thoracoscopic repair of left-sided CDH based on the patient's preoperative condition, the outcomes of open repair were almost identical to those of thoracoscopic repair. A notable exception is the recurrence rate, which was significantly higher in the thoracoscopic-repair group. For the time being, thoracoscopic primary closure seems a safe and effective procedure, but efficacy of thoracoscopic patch repair has not been established.
arterial pH, pO 2 , pCO 2 and base excess before and after thoracoscopic repair were all significantly different. Conclusion After critical selection for thoracoscopic repair of left-sided CDH based on the patient's preoperative condition, the outcomes of open repair were almost identical to those of thoracoscopic repair. A notable exception is the recurrence rate, which was significantly higher in the thoracoscopic-repair group. For the time being, thoracoscopic primary closure seems a safe and effective procedure, but efficacy of thoracoscopic patch repair has not been established. Over the last decades, survival of neonates operated on for congenital diaphragmatic hernia (CDH) has improved, but management of the condition is still a challenge for pediatricians and pediatric surgeons alike [1, 2] . The prognosis is mainly determined by the degrees of pulmonary hypertension, pulmonary hypoplasia and abnormal morphology of the pulmonary vasculature [3] [4] [5] .
Keywords
Nowadays, only few centers perform thoracoscopic repair if the patient is cardiopulmonary stable. The criteria of stability still differ and have been published in several retrospective studies, but were never investigated prospectively [6] .
Early studies reported higher recurrence rates after thoracoscopic repair; i.e. 5-25 versus 0-11 % after open repair. This was explained by the effect of the so-called learning curve. However, more recent studies still do not report lower recurrence rates after thoracoscopic repair [6] . Also the reported conversion rate of thoracoscopic surgery to open surgery varies (3.4-75.0 %), dependent on both technical and ventilatory problems. In these retrospective studies the open approach was associated with higher mortality, possibly due to a higher rate of comorbidities in neonates with large diaphragmatic defects and case selection bias.
All previous studies are retrospective and non-randomized. In these studies the differences in patient characteristics make it hard to compare outcomes of the two types of surgery. A pilot study reported that outcome of thoracoscopic surgery may be more detrimental due to the long-term consequences of hypercapnia and severe acidosis during surgery [7] . In an attempt to better define the risk of recurrence we conducted this 5-year retrospective study in patients with the same degree of cardiovascular and pulmonary illness. Comparability of the two groups allowed studying the effect of type of surgery on ventilation settings, length of stay at the pediatric intensive care unit (PICU) and the arterial blood gas changes.
Methods
Since January 2008 CDH patients of the Rotterdam Group and the Mannheim Group, both tertiary centers, are being treated according to the CDH-EURO consortium recommendations [4] . This created a standard of care for all of the patients and recommendation for the timing of surgical repair. The surgeons who performed the thoracoscopic CDH surgery, 2 in Mannheim and 4 in Rotterdam, all had more than 2 years experience before the start of this study in 2008 and had been specifically trained for MAS in Pediatric Surgery.
In a previous open review, we provided a decision tree for type of surgery ( Fig. 1) [6] . The recommendations and the decision tree formed the selection criteria for thoracoscopic repair. A shared database was created with details of patients of two large pediatric surgery centers and who met the criteria for thoracoscopic repair in the period January 2008 through December 2012. The choice of surgery was based on surgeon's preferences and logistic possibilities. This way it was possible to compare thoracoscopic repair and open repair without the bias of different patient characteristics, thus reducing case selection bias.
Included in this study were inborn CDH patients with a left-sided congenital diaphragmatic hernia (type Bochdalek) who had been operated upon within 30 days after birth. The diagnosis had been established either antenatally or postnatally. Data on gender, birth weight, gestational age, Apgar scores, prenatal diagnosis, lung-to-head ratio (LHR), liver position, need of ECMO and associated anomalies were obtained from medical records and entered in the shared database. Technical specifications of both types of surgeries were registered, i.e. suture material and patch material.
The following exclusion criteria applied: right-sided or bilateral diaphragmatic hernia, ECMO-treatment before surgery, HFO during surgery, intrathoracic liver position at preoperative ultrasound screening, and major cardiac anomalies.
The primary outcome was the number of recurrences within 1 year after surgery. The secondary outcomes were duration of surgery, postoperative number of days on ventilator, pCO 2 and pH levels pre-and postoperatively, length of stay in the ICU and total hospital stay, duration until full enteral feeds and survival.
Statistical analysis
Descriptive and non-paired t test statistics, as well as Mann-Whitney U tests, were performed with the use of SPSS 22 (SPSS Inc., Chicago, IL). The Fisher exact test was used for analysis of contingency tables. All data are presented as median. A p value \.05 was considered statistically significant.
Results
The thoracoscopic group included 75 patients; the open group 34. Characteristics are shown in Table 1 .
The demographic characteristics of the two groups (see Table 1 ) did not significantly differ except for gestational age and lung-to-head ratio (LHR). The neonates in the open-repair group (OG) also had a lower median birth weight (2538 g, range 1140-3660) than the neonates in the thoracoscopic-repair group (TG) (2915 g, range 2340-3800 g), although this difference was not statistically significant.
The range of the lung-to-head ratio (LHR) in the TG was 0.90-4.90 and in the OG 1.00-3.00. Two neonates in the TG had a LHR under 1, three between 1-1.4, and 42 above 1.4. For the 28 other neonates in the TG the LHR had not been registered. None of the neonates in the OG had a LHR under 1, five between 1-1.4, and 12 above 1.4. For the other 17 neonates in this group the LHRs had not been registered.
At the preoperative screening the liver was assumed to be intra-abdominal in all neonates. During surgery it appeared that the left liver lobe was in the chest in 8.2 % of the TG and 23.5 % of the OG. In four cases, two in the TG and two in the OG, the position of the liver was not reported in the operation journal.
Pre-operative characteristics (Table 2) did not differ significantly between groups, except the ventilation settings (Table 3) .
The preoperative positive end expiratory pressure (PEEP) was significantly higher in the TG (range 3-7 mmHg vs. 2.5-6 mmHg in the OG). The fraction of (Table 4) . OG patients stayed longer in the ICU than did TG patients. The median difference was 5 days with a mean difference of 10 days.
The recurrence rate in the TG was 9 out of 34 (26.5 %) in the Rotterdam Group and 5 out of 41 (12.2 %) in the Mannheim Group (p = .143), of which 6 and 4, respectively, concerned patch repair (p = 1.0). Both recurrences in the OG (5.9 %) had been previously repaired with a patch. Survival in both groups was 100 %.
The Rotterdam Group always uses Ethibond or Mersilene, both in open and thoracoscopic surgery. The Mannheim Group used Ethibond in primary closure (open and thoracoscopic) and thoracoscopic patch repair; only in open surgery with patch repair they used Tycron. All sutures are polyester (Table 5 ). All patients in both centers who needed patchclosure, GORE-TEX Ò soft tissue patches were used.
Small, not clinically relevant changes were found in the comparison of the arterial blood gases before and after surgery. In the TG, the median pH decreased from 7.37 to 7.31; the median of the pCO 2 increased from 5.54 to 5.93; and the median of the base excess decreased from -1.0 to -2.0. Nevertheless, as shown with the paired differences test, preoperative values for the pH, base excess, pCO 2 and pO 2 were significantly different from the corresponding postoperative values in the TG. In the OG, only base excess and pO 2 were significantly different before and after surgery.
Discussion
The traditional surgical management of CDH consists of repair through laparotomy. In the last decade, however, minimal access surgery (MAS) has gained wider popularity [6, 8] .
Both are centers of expertise with respect to congenital diaphragmatic hernia neonates and pediatric surgery. Thoracoscopic repair for CDH is potentially associated with fewer postoperative ventilator days and possibly less use of analgesics [9, 10] . On the other hand, the artificial pneumoperitoneum (or pneumothorax) needed for MAS negatively affects hemodynamics [11] [12] [13] [14] [15] [16] [17] . Multiple studies show a higher recurrence rate associated with thoracoscopic repair, as is also found in the present study, due to learning curve, limited workspace and the use of a patch [6] . Furthermore the surgical difference between open and thoracoscopic repair is that the rim of diaphragm is mostly adhered to the dorsal pleuroperitoneal canal and preparation from thoracic side is challenging. From the abdominal route preparation is much easier and more obvious, while from thoracic route these structures are harder to find.
A recent prospective multicenter study showed a lower recurrence rate after open repair with patch than after MAS repair with patch during the first hospital stay [18] . In that study laparoscopy and thoracoscopy were clustered in one MAS group and the patient characteristics were not comparable between the open group and the MAS group. However, the high recurrence rate for the MAS group might be compensated for by the associated benefits mentioned above and by shorter ICU stay.
In the TG, recurrence rate in Rotterdam was 26.5 versus 12.2 % in Mannheim. To explain this discrepancy we looked at possible technical differences between both centers. In both centers, however, the surgery was performed only by a small group of surgeons with several years' experience in MAS in neonates and large experience in CDH surgery. Moreover, the same type of sutures was used. Thus, the discrepancy may be due to the type of patch used. Loff et al. [19] from Mannheim showed reduced recurrence rates in open repair with a Dual Mesh coneshaped patch. In the thoracoscopic repair with patch they also used the Dual Mesh cone-shaped patch, in contrast to the Rotterdam group. Furthermore, the conventional open patch repair is performed using a patch of the size of the defect or with an overlapping border of 1 cm circumferentially and sutured with interrupted non-absorbable material to the rim of the diaphragm [19] . Thoracoscopically the overlapping border is possibly smaller and the patch is sutured at the thoracic side instead of the abdominal side as in open surgery. The advantages of the cone-shaped patch are an increased abdominal capacity and reduction redundant chest capacity, thereby allowing normal physiological position of the abdominal organs, which in turn prevents gastroesophageal reflux and causes fewer recurrences because of separate fixation of the overlapping border of the cone and less abdominal pressure on the patch [19] . Several articles describe selection criteria for thoracoscopic repair [3, 6, 8, 9, 20, 21] . The cardiovascular criteria are almost the same in these overviews, i.e. no clinical signs of persistent pulmonary hypertension (PPHN), no need for inhaled nitric oxide (iNO) during surgery, and no need for ECMO. All agree that the patient has to be respiratory stable, but the definition of respiratory stable differs for PIP, PEEP, FiO 2 and the pulse oxmeter oxygen saturation (SpO 2 ). The ventilation criteria as recommended by the CDH consortium are a PEEP of 2-5 cm and in addition FiO 2 \ 50 % with a SpO 2 between 85 and 95 %, so that both open and thoracoscopic repair are possible. These recommendations are based on nonanalytic studies, case reports, or expert opinions [4] .
In the present study, only the preoperative differences in PEEP (4.5 vs. 3.5) between the TG and the OG suggest cardiopulmonary differences between the two groups. Two neonates in the TG had a LHR \ 1.0 versus none in the OG, but data on the observed versus expected LHR were not available. Ten patients, 4 in the TG and 6 in the OG, received a low maintenance dose of iNO before surgery.
Patients after open repair stayed longer in the ICU than did patients after thoracoscopic repair. This may suggest that the former group had a worse pulmonary condition, but the median LHR in both groups was [1.4 and the ranges of the PEEP and FiO 2 were not suggestive of worse condition. Still, the open repaired diaphragm defects, especially if patch closure was necessary, may suggest a bigger defect.
The artificial pneumothorax needed for thoracoscopic surgery creates acidosis due to hypercapnia by CO 2 insufflation. This, in combination with higher intra-abdominal pressure, is believed to be related to deficient microcirculation [13, 16, 22, 23] . Splanchnic redistribution of blood flow with altered renal and hepatic function has been demonstrated. Also, testicular damage and reduced strength of (colonic) anastomoses have been reported as negative side effects of pneumoperitoneum [24, 25] . Nevertheless, patients with hypercapnia show global hyperperfusion of the cerebral blood flow [26] . The cerebral blood flow and volume depend on the ability of the cerebral arteries to respond to changes in the partial pressure of arterial CO 2 [27] .
Bishay et al. [7] recently proved severe arterial blood gas changes during thoracoscopic repair of CDH, but this finding was based on only 5 patients. We also showed a significant difference in pH and pCO 2 values before and after thoracoscopic repair. However, these differences were small and deemed of limited clinical relevance. Due to the acidosis and hypercapnia, high-frequency oscillatory ventilation (HFOV) during neonatal thoracoscopic repair has gained attention in recent years. Mortellaro et al. [28] showed that this allowed good intraoperative exposure in correction of esophageal atresia and CDH, while allowing excellent oxygenation and elimination of carbon dioxide to prevent acidosis. Whether this ventilation technique can truly prevent the changes in acidbase balance associated with capnopneumothorax has yet to be established.
For this study, a selection of left-sided CDH patients meeting the criteria for thoracoscopic repair was made based on their preoperative condition. Some patients who met these criteria underwent open repair. These patients were, as a group, comparable to patients operated on thoracoscopically. The difference in overall recurrence rate that was found cannot be explained by the patient characteristics. Possible explanations are the position of the patch (abdominal vs. thoracic side of the defect) and the level of security with which the patch is sutured because the suture material, the knot tying and the patch material were the same. The only difference between the centers is the use of a cone-shaped patch as mentioned above. But still patchrepair in thoracoscopic surgery is more challenging and many centers convert to open surgery when a patch is needed for closing the diaphragm and only primary closure is performed thoracoscopically.
In both the TG and the OG the pO 2 and the base excess values changed significantly from before to after surgery. In the TG, the pH and the pCO 2 changed significantly as well. This is probably the result of CO 2 insufflation during thoracoscopic surgery.
In addition, the overall time until recovery after surgery was longer for the OG. This does not seem to be due to a higher degree of pulmonary hypoplasia in this group. Perhaps the increased surgical trauma of open repair or maybe inadvertent selection bias may be responsible for this.
The effects of acidosis and hypercapnia on the (longterm) neurological development of the thoracoscopically repaired CDH patients are unknown. Thus there is a strong need for a well-designed study with state-of-the art neurological monitoring during thoracoscopic surgery but also for structured long-term follow up, looking at psychomotor development after this type of surgery. The higher recurrence rate in the thoracoscopically repaired group needs further attention, specifically when a patch is used. For the time being, thoracoscopic primary closure seems a safe and effective procedure, but efficacy of thoracoscopic patch repair has not been established. Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0 International License (http://crea tivecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made.
